Introduction
Only two foals have been born using conventional methods of in vitro fertilization (IVF; Palmer et al., 1991; Bézard, 1992) and both were derived from oocytes that had been matured in vivo. Subsequently, five live foals have been reported after IVF by intracytoplasmic sperm injection (ICSI; Squires et al., 1996; Cochran et al., 1998; McKinnon et al., 2000) . The first of these foals was derived from an oocyte collected from ovaries from an abattoir and matured in vitro (Squires et al., 1996) , two came from oocytes recovered by follicle puncture from pregnant mares that were subsequently matured in vitro (Cochran et al., 1998) and two more originated from oocytes matured in vivo and recovered from preovulatory follicles (McKinnon et al., 2000) .
During maturation within the preovulatory follicle, both the nucleus and the cytoplasm of the oocyte undergo synchronous maturation changes that ultimately result in ovulation of a metaphase II oocyte capable of undergoing normal fertilization and embryonic development (Edwards, 1965; Hunter and Polge, 1966; Leibfried-Rutledge et al., 1987) . The co-ordination between these nuclear and cytoplasmic events has been documented in cattle by Hyttel et al. (1986) and in horses by Goudet et al. (1997) . Not only must the nucleus have reached metaphase II, but it must also include the synthesis and phosphorylation of proteins involved in the resumption of meiosis, pronuclear formation and the development and activation of appropriate metabolic pathways required for further embryonic development (Hunter and Moor, 1987; Yanagimachi, 1994) . Determination of the specific media required to sustain this co-ordination between nuclear and cytoplasmic maturation is somewhat limited in most species (Yanagimachi, 1994; Bavister, 1995) . Furthermore, the low rate of in vitro embryo production from equine oocytes reflects the need for a better understanding of the developmental competence of equine oocytes and their specific requirements during in vitro maturation (IVM), fertilization and embryonic development. Only then will it be possible to define optimum medium and culture conditions for the production of equine embryos in vitro.
Much work has been carried out to determine the specific culture requirements to support satisfactory rates of oocyte maturation, IVF and embryonic development in many mammalian species (Yanagimachi, 1994; Bavister, 1995; Krisher and Bavister, 1998) . Recently, IVF systems using semi-defined media have resulted in high rates of blastocyst production in cattle and sheep (Lu and Polge, 1992; Gardner et al., 1994) ). There were no significant differences in the proportions of blastocysts that developed from the two-cell embryos derived from oocytes matured by co-culture with either oviduct epithelial cells (30%) or fetal fibroblasts (17%). However, significantly higher proportions of blastocysts were produced from both these co-culture groups than from the groups of oocytes matured in TCM-199 only (P < 0.05). Six of the blastocysts that had developed from oocytes co-cultured with oviduct epithelial cells were transferred into recipient mares and four pregnancies resulted. These results demonstrate a beneficial influence of co-culture with either oviduct epithelial cells or fetal fibroblasts for maturation of oocytes in vitro.
the use of cell co-culture, or medium conditioned by cell culture, that had resulted in significant improvements in the developmental potential of in vitro-derived cattle, sheep and pig embryos a decade earlier (Gandolfi and Moor, 1987; Eyestone and First, 1989; White et al., 1989) . Furthermore, in pigs, co-culture of oocytes with somatic cells during maturation improves the subsequent rates of fertilization and embryonic development in vitro (Vatzias and Hagen, 1999; Bureau et al., 2000) . Therefore, similar studies are needed in horses to determine whether coculture might improve the rates of oocyte maturation, fertilization and embryo development before refinements can be made in the composition of the media. The proportion of equine oocytes that reach the metaphase II stage of development after culture in vitro for 20-40 h is much lower than for other domestic species. Furthermore, only a small proportion of these metaphase II oocytes readily undergo fertilization by either IVF (Choi et al., 1994; Li et al., 1995) or ICSI (Grøndahl et al., 1997; Dell'Aquila et al., 1997a,b; Li et al., 2000) . Their potential for development to the blastocyst stage is even lower, both in vitro and after transfer of zygotes or embryos at the two-to eight-cell stage into the oviducts of recipient mares (Palmer et al., 1991; Bézard, 1992; Squires et al., 1996; Cochran et al., 1998; McKinnon et al., 2000) . Nevertheless, a modest proportion of in vivo-derived embryos at the one-to eight-cell stage develops to the blastocyst stage when co-cultured with a monolayer of oviduct cells (Battut et al., 1991; Ball and Miller, 1992) . In addition, Carnevale et al. (2000) obtained encouraging pregnancy rates when metaphase I oocytes, obtained by oocyte aspiration 24 h after administration of exogenous gonadotrophins, were transferred simultaneously with spermatozoa into the oviducts of recipient mares. This important study illustrated that oocytes can complete maturation in the oviduct in vivo and be fertilized successfully thereafter. It is also worth noting that, based on the recovery of embryos from the oviducts of young and ageing mares, fertilization rates as high as 72-90% are possible (Woods et al., 1987) . However, significant embryo losses must occur soon after the embryo enters the uterus on day 6 after ovulation (Battut et al., 1997) , as per cycle pregnancy rates around day 15 after ovulation in well-managed Thoroughbred mares are only 62% (Morris and Allen, in press).
Thus, it is evident that many deficiencies remain in our knowledge of the conditions required to achieve satisfactory maturation of oocytes and their early development after IVF. In the present study, the benefits of co-culturing oocytes during IVM with either oviduct epithelial cells or fetal fibroblast cells were investigated, together with their potential for development in vitro and in vivo after fertilization by ICSI.
Materials and Methods

Culture media
The media used for maturation of oocytes and the development of zygotes in vitro were based on TCM-199 (22340-012; Gibco BRL, Grand Island, NY) and Dulbecco's modified Eagle's medium (22320-014; DMEM; Gibco BRL), respectively.
For maturation, TCM-199 was supplemented with 20% (v/v) heat-inactivated fetal calf serum (FCS; Gibco BRL), 10 µg FSH ml -1 (Sigma Chemical Co, St Louis, MO), 5 µg LH ml -1 (Sigma) and 1 µg oestradiol ml -1 (Sigma). Culture droplets (600 µl) containing 20-30 cumulus-oocyte complexes (COCs) were made under mineral oil (Sigma) in fourwell Petri culture plates (176740; Nunc, Roskilde). For development, DMEM was supplemented with 10% (v/v) FCS, 10 µg insulin ml -1 (Sigma) and 100 µmol EDTA l -1 (Sigma). Likewise, 600 µl culture droplets under mineral oil were used to culture groups of 20-30 zygotes in four-well Petri culture plates.
The oviduct epithelial cells used in co-culture with the oocytes during IVM were prepared by obtaining oviducts from a horse abattoir and transporting them to the laboratory at room temperature over 2 h in PBS containing 125 iu penicillin ml -1 and 35 iu streptomycin ml -1 . The oviducts were rinsed in fresh PBS and placed on filter paper to facilitate removal of the surrounding connective tissue. Short sections (2-3 cm in length) of fresh oviduct from the ampullar region were opened with scissors and the luminal epithelial cells were scraped into a Petri dish using a scalpel blade. The resulting fragments of tissue were washed three times in TCM-199 and three or four of the fragments were added to each 600 µl culture droplet of TCM-199. The mixtures were cultured for 3-4 days, during which time half the volume of medium was exchanged every other day.
The monolayer of fetal fibroblast cells used in the study originated from a horse fetus (aged 32 days) and was prepared using the method described in cattle by Dominko et al. (1999) . In brief, the head and viscera of the fetus were discarded and the remaining tissues were sliced finely before enzymatic digestion in 0.5% (v/v) trypsin-EDTA (Sigma) in PBS for 30 min at 30ЊC. The digested fragments were washed twice in PBS by centrifugation at 700 g for 10 min and the cell pellet was resuspended in DMEM supplemented with 10% (v/v) FCS and cultured at 37ЊC in 5% CO 2 in air for 14-20 days. After the cells had been passaged twice, samples from the new growing line were frozen for future use. Subsequently, to prepare the fetal fibroblast cell monolayer for use in the oocyte maturation co-culture system, the cells were thawed and cultured in TCM-199 for 5-7 days during which time half the volume of medium was exchanged every 2 days.
Cumulus cells were harvested from COCs and grown in a monolayer in 600 µl droplets of DMEM for 5-7 days, during which time half the volume of medium was exchanged every 2 days to prepare the monolayer of cumulus cells in DMEM to be used during the culture after fertilization.
Oocyte collection and maturation culture Horse ovaries were obtained from two abattoirs and were transported to the laboratory in saline (0.9% (w/v) NaCI) at room temperature (12-20ЊC) over periods ranging from 4 to 24 h. COCs were recovered by scraping the walls of follicles (diameter 0.5-3.0 cm) and groups of 20-30 COCs were matured in vitro for 28-30 h at 38ЊC in 5% CO 2 in air in 600 µl aliquots of TCM-199 only, or in co-culture with either oviduct epithelial cells or fetal fibroblast cells (Fig. 1) .
Preparation of spermatozoa for ICSI Ejaculated frozen-thawed spermatozoa from one of two identical twin Pony stallions of proven high fertility were used. The straws were thawed at 37ЊC for 30 s and the spermatozoa were then washed twice by centrifugation at 800 g for 10 min in Hepes-buffered Tyrode's medium (STALP; Grøndahl et al., 1996) . The spermatozoa were resuspended in STALP containing 0.5 mmol cAMP l -1 (Sigma) and were incubated for 4 h at 38ЊC and centrifuged at 400 g for 5 min. The spermatozoa were transferred to STALP supplemented with 1 µmol ionomycin l -1 for 10 min to induce capacitation (Choi et al., 2000) . Finally, the concentration of spermatozoa was adjusted to 5-7 ϫ 10 7 cells ml -1 and the suspension was maintained at 38ЊC until used for ICSI.
ICSI and activation of the injected oocytes ICSI was performed using a Transferman Micromanipulator (Eppendorf, Hamburg) attached to an inverted microscope (IMT-2; Olympus, Tokyo). All manipulations were performed on a heated stage (CO 102; Linkam, Tadworth) that provided a working temperature of 30ЊC. ICSI was carried out in 20 µl droplets of 20 mmol Hepes buffered Earle's balanced salts medium l -1 (EBSS; Gibco BRL) containing 20% (v/v) FCS and using spermatozoa that had been immobilized previously in a separate 10 µl droplet of the ICSI medium that also contained 30% (w/v) polyvinylpyrrolidone (PVP; FW 40 000; Sigma).
At the end of the 28-30 h of IVM in TCM-199 only or in TCM-199 with either oviduct epithelial cells or fetal fibroblast cells, the COCs were placed in PBS containing hyaluronidase (200 iu ml -1 ; Sigma) for 3-5 min before the cumulus cells were removed by gentle pipetting. Oocytes at the metaphase II stage were selected and placed into working groups of 5-10 oocytes in EBSS containing 20% (v/v) FCS before each oocyte was injected with a spermatozoon. The injection pipette containing the spermatozoon was pushed through the zona pellucida and plasma membrane of the oocyte so that the spermatozoon could be injected directly into the cytoplasm. The procedure was repeated for each selected metaphase II oocyte and all the injected oocytes were then returned to the TCM-199 until the activation treatment was initiated. Sham ICSI without a spermatozoon was performed on control oocytes under the same conditions (Fig. 1) .
Within 30-60 min after ICSI or sham ICSI, the injected oocytes were activated by immersion for 5 min in STALP containing 5 µmol ionomycin l -1 (Sigma) and 1% (v/v) ethanol. The oocytes were then washed twice in EBSS containing 20% (v/v) FCS.
Development of ICSI and sham ICSI oocytes in vitro
Groups of 20-30 injected oocytes were placed into 600 µl droplets of DMEM development culture medium, alone or in co-culture with a monolayer of cumulus cells, and were cultured for 24-30 h at 38ЊC in an atmosphere of 5% CO 2 in air. Morphologically normal two-cell embryos were selected from all the injected oocytes that had cleaved and were cultured continuously for 6-8 days under the same conditions.
Embryo transfer
Normal cyclic mares at an equivalent stage of the oestrous cycle to the stage of embryo development were selected as recipients. Early blastocysts that appeared morphologically normal after 7 or 8 days of culture in vitro were transferred to the uteri of the recipient mares that had ovulated between 4 and 7 days previously. Pregnancy was diagnosed by ultrasonography 7-10 days after transfer and the development of the conceptus was monitored regularly thereafter by ultrasonography and measurement of serum progesterone concentrations once a week. All the recipient mares were given a daily oral dose of the synthetic progestagen altrenogest (Regumate; 0.088 mg kg -1 ; Hoechst-Intervet, Milton Keynes) from the time of embryo transfer until day 110 of gestation.
Statistical analyses
Each treatment was repeated 3-5 times and the results were evaluated by chi-squared analysis.
Results
In vitro maturation of oocytes and cleavage rates after ICSI Similar proportions of oocytes reached the metaphase II stage of development after culture in TCM-199 only (107/ 220, 49%), or in co-culture with either oviduct epithelial cells (133/250, 53%) or fetal fibroblast cells (37/72, 51%) (Table 1) . Similarly, the proportions of metaphase II oocytes that cleaved after ICSI were 58 of 92 (63%), 52 of 80 (65%) and 17 of 30 (57%) for each of the three maturation culture conditions, respectively, thereby revealing no apparent beneficial effect of co-culture on the rate of nuclear maturation or the early cleavage divisions. Sham ICSI resulted in cleavage of 16 of 35 oocytes (46%) that had been matured previously in co-culture with oviduct epithelial cells.
Development of two-cell embryos in vitro
The rates of development of two-cell embryos cultured under different conditions are shown (Table 2 ). Only four of 16 two-cell embryos (25%) derived from the groups of oocytes matured in TCM-199 only developed to the eightcell stage when cultured in DMEM medium alone, and none developed beyond this point. In contrast, when oocytes that had been matured without co-culture were co-cultured subsequently with a monolayer of cumulus cells after ICSI, the rate of development of the resulting two-cell embryos beyond the eight-cell stage to the 16-cell and morula stages increased significantly to ten of 20 (50%; P < 0.05). Furthermore, a higher proportion of two-cell embryos that had undergone co-culture during oocyte maturation and during embryo development progressed to blastocysts (10/33, 30%; Fig. 2 ), compared with two-cell embryos that had undergone co-culture during the oocyte maturation phase only and not after fertilization (1/15, 7%; P < 0.05).
Only two of 12 (17%) two-cell embryos derived from oocytes that had been matured in co-culture with fetal fibroblast cells developed to blastocysts during 7-9 days of co-culture in DMEM with a monolayer of cumulus cells. None of the two-cell embryos obtained after sham ICSI that were co-cultured in the DMEM with a monolayer of cumulus cells progressed beyond the 16-cell stage (0/13, Table 2 ), even though the original oocytes had been matured in co-culture with oviduct epithelial cells.
Pregnancy and fetal development
Six blastocysts produced from oocytes that had been matured in co-culture with oviduct epithelial cells and then co-cultured with the monolayer of cumulus cells after ICSI were of transferable quality; the other seven blastocysts showed various degrees of fragmentation that precluded them from consideration for transfer into recipient mares. The six good blastocysts were transferred to the uteri of six synchronized recipient mares, two nonsurgically via the cervix and four surgically via mid-line laparotomy as described by Allen (1982) . Four mares became pregnant and the embryo transferred to the first of these developed into monozygotic twin fetuses within a single allantochorion. This pregnancy was removed from the uterus of the mare on day 76 of gestation and DNA analysis (Swinburne et al., 2000) of the two fetuses confirmed that they were monozygotic. Two mares produced healthy colt foals at days 348 and 355 of gestation, respectively, and the third mare remains pregnant.
Discussion
Conventional IVF is now used frequently in large domestic animals, such as cattle and sheep, both for research purposes and for the commercial production of embryos. The importance of providing optimal culture conditions to support both nuclear and cytoplasmic maturation of primary oocytes to be used in IVF programmes has been emphasized by Bavister (1995) and Krisher and Bavister (1998) . To date, between 40 and 80% of equine oocytes have reached the metaphase II stage of nuclear maturation when cultured in vitro (Fulka and Okolski, 1981; Zhang et al., 1989; Hinrichs et al., 1993; Choi et al., 1994; Li et al., 1995; Dell'Aquila et al., 1997a,b; Grøndahl et al., 1997; Hinrichs and Schmidt, 2000; Li et al., 2000) , and a similar rate of maturation was achieved in the present study. However, the rate of nuclear maturation was the same whether the oocytes were matured in TCM-199 only (107/220, 49%) or in co-culture with oviduct epithelial cells (133/250, 53%) or fetal fibroblast cells (37/72, 51%), thereby demonstrating a lack of any beneficial effect of coculture on nuclear maturation rates in immature equine oocytes.
Simply removing oocytes from their follicles will allow resumption of meiosis (Moor and Crosby, 1986) . Indeed, many immature mammalian oocytes are capable of completing meiosis in vitro, but only a small percentage of them are competent to continue development to the blastocyst stage and beyond, thereby indicating that the process of IVM may not be entirely normal (Bavister, 1995; Krisher and Bavister, 1998) . In horses, only a few embryos derived from conventional IVF of oocytes matured in vitro have been transferred into recipient mares, and none of these have resulted in a pregnancy. In contrast, two pregnancies have been reported after IVF of oocytes that were matured in vivo (Palmer et al., 1991; Bézard, 1992) . Consequently, it seems likely that there are differences between the developmental potential of oocytes matured in vivo versus in vitro.
In the present study, no blastocysts developed from twocell embryos obtained from oocytes that had been matured in the absence of any type of cell co-culture. However, 7 or 30% of two-cell embryos that had been obtained after ICSI of oocytes matured in co-culture with oviduct epithelial cells developed into blastocysts during 7-9 days of in vitro culture. Thus, it is possible that co-culture with oviduct epithelial cells during maturation enhances cytoplasmic maturation in oocytes and thereby contributes to its potential for embryo development. It could be that coculture with oviduct epithelial cells provides specific mitogenic factors that would normally be present in the oviduct, or non-specific factors that improve the culture environment such as reduction of oxygen tension, removal of waste products or provision of substrates and co-factors (Bavister, 1995) . Vatzias and Hagen (1999) and Bureau et al. (2000) have reported the value of co-culture with oviduct epithelial cells or the use of oviduct epithelial cell-conditioned medium for maturation of pig oocytes and their subsequent development to blastocysts in vitro. Beneficial effects of co-culture have also been observed during IVM of equine oocytes and their subsequent development as embryos (Battut et al., 1991; Ball and Miller, 1992; Dell'Aquila et al., 1997b) . Indeed, Choi et al. (2000) reported blastocyst development from equine oocytes that had been fertilized by partially removing their zonae pellucidae after maturation in medium pre-conditioned with an equine trophoblast monolayer. Similarly, the results of the present study indicated that some benefits were gained from co-culturing the oocytes with fetal fibroblast cells (17% blastocyst development) and, therefore, it appears that co-culture with either oviduct epithelial cells or fetal fibroblast cells is beneficial for maturation of equine oocytes in vitro. Furthermore, more blastocysts with less fragmentation were obtained from oocytes matured in co-culture with oviduct epithelial cells than with fetal fibroblast cells, which indicates again that oviduct epithelial cells may provide specific oviductrelated factors that enhance the developmental potential of oocytes.
Monolayers of cumulus cells have been used widely to enhance development of zygotes and early embryos from many species in vitro because they are easy to harvest and culture and have beneficial effects on embryo growth (Bavister, 1995; Krisher and Bavister, 1998) . In the present study, only 7% of the two-cell embryos developed to the blastocyst stage when cultured in the absence of a monolayer of cumulus cells, whereas 30 and 17% of the two-cell embryos derived from oocytes co-cultured during maturation with oviduct epithelial cells or fetal fibroblast cells, respectively, developed into blastocysts during coculture with a monolayer of cumulus cells. These results reveal that co-culture with a monolayer of cumulus cells after fertilization also enhances the development of equine blastocysts in vitro. However, no blastocysts developed from the two-cell stage embryos produced by sham ICSI, despite maturation of the oocytes in co-culture with oviduct epithelial cells and subsequent development of the two-cell embryos in co-culture with a monolayer of cumulus cells. This finding demonstrates the developmental limitation of parthenogenetic embryos as reported in other species (Li et al., 1999) . Goudet et al. (1997) observed that the ability of equine oocytes to undergo nuclear and cytoplasmic maturation in vitro is dependent on both the hormone environment within the follicular fluid and the size of the follicle from which the oocyte is obtained. Similarly, Hinrichs and Schmidt (2000) demonstrated that the meiotic competence of equine oocytes is strongly associated with the configuration of the cumulus cells surrounding them. The results of the present study indicate that, on their own, nuclear maturation and cleavage rate are not predictive of the potential of two-cell embryos to reach the blastocyst stage of development. However, the potential to develop to blastocysts is influenced by the presence or absence of cell co-culture during maturation of the oocyte. Hence, we propose that co-culture of oocytes with oviduct epithelial cells during maturation in vitro positively influences the molecular events of cytoplasmic maturation and thereby leads to improved rates of fertilization and blastocyst development. To develop and apply an in vitro method for the production of equine embryos, it is important to first develop a system that can provide blastocysts that can survive intrauterine transfer, rather than embryos still in their oviductal stages of development. In horses, only a few live offspring have been produced to date after the transfer of in vitro-derived embryos at the zygote to 16-cell stages to the oviducts of recipient mares (Palmer et al., 1991; Bézard, 1992; Squires et al., 1996; Cochran et al., 1998; McKinnon et al., 2000) . In the present study, four pregnancies were established after transfer of six blastocysts produced by ICSI followed by 7-9 days of culture in vitro to the uteri of mares. The results are encouraging and demonstrate not only the beneficial influence of co-culture during oocyte maturation, but also the potential to establish an in vitro embryo production system that could be incorporated into commercial embryo transfer programmes.
